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ABSTRACT
On 2017 September 22 the IceCube neutrino observatory detected a track-like, very-
high-energy event (IceCube-170922A) that is spatially associated with TXS 0506+056,
a quasar at a redshift of z = 0.3365. This source is characterized by the increased aci-
tivies in a very wide energy range (from radio to TeV) during these days. To investigate
the possible connection of the PeV neutrino emission with the GeV activity of blazars,
in this work we select 116 bright sources and analyze their lightcurves and spectra. We
focus on the sources displaying GeV activities. Among these blazars, TXS 0506+056
seems to be typical in many aspects but is distinguished by the very strong GeV ac-
tivties. We suggest to search for neutrino outburst in the historical data of IceCube,
as recently done for TXS 0506+056, from the directions of these more energetic and
harder blazars with strong GeV activities.
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21. INTRODUCTION
The discovery of astrophysical neutrino flux around PeV energies by IceCube (Aartsen et al. 2017)
is an important milestone in high energy astronomy (IceCube Collaboration 2013). The neutrino
is an ideal astronomical messenger since they travel undistorted from the sources and are therefore
a valuable probe of the innermost regions of the energetic and enigmatic objects in the cosmos.
Since then, the accumulating observations of neutrino events from IceCube suggest that a significant
fraction of the observed neutrinos are of extragalactic origin due to their isotropic distribution and
reveal a flux of neutrinos with a total energy density comparable with that of the extragalactic γ
rays observed by Fermi-LAT (Aartsen et al. 2014, 2015; Ackermann et al. 2016).
Blazars are an extreme subtype of Active Galactic Nuclei (AGNs), dominating the extragalactic
γ-ray sky (Acero et al. 2015; Madejski & Sikora 2016). Emissions from their strong collimated
jets are overwhelming due to relativistic beaming effects and hence blazars are characterized by the
luminous and highly variable broadband continuum emissions (e.g., Blandford & Rees 1978; Ulrich
et al. 1997). Blazars are traditionally divided into flat spectrum radio quasars (FSRQs) and BL
Lacertae objects (BL Lacs) based on their optical spectra. Spectral energy distribution of these
jetted AGNs generally exhibits a two-bump structure in logνFν−logν representation and the low
energy bump is widely believed to be contributed by synchrotron emission. Therefore, blazars are
also classified as low-synchrotron-peaked sources (LSPs, νsynpeak < 10
14 Hz), intermediate-synchrotron-
peaked sources (ISPs, 1014 Hz < νsynpeak < 10
15 Hz), and high-synchrotron-peaked sources (νsynpeak >
1015 Hz)(Ackermann et al. 2015). However, the origin of the other bump extending to γ-ray regime
is still under debate. On one hand, the leptonic radiation model (e.g., Maraschi et al. 1992; Dermer
& Schlickeiser 1993; Sikora et al. 1994; B laz˙ejowski et al. 2000) in which the γ rays are from inverse
Compton scattering of soft photons by the same population of electrons that emit the synchrotron
emission, can naturally describe the tightly connected multiwavelength variability of blazars (e.g.,
Abdo et al. 2010; Liao et al. 2014). On the other hand, observational phenomena, like the “orphan”
γ-ray flare (e.g., Bo¨ttcher 2005), support the hadronic scenario that γ rays and neutrinos are produced
via interactions of high-energy protons with gas (i.e., the pp-interactions) in the jets (Schuster et al.
32002) or in interactions of protons with internal (Mannheim 1995) or external (Atoyan & Dermer
2001) photon fields (pγ-interactions).
Among the various possibilities of potential extragalactic sources of neutrinos (see Ahlers & Halzen
(2015) for a review), including star-forming galaxies (e.g., Loeb & Waxman 2006), gamma-ray bursts
(e.g., Waxman & Bahcall 1997), galaxy clusters (e.g., Berezinsky et al. 1997) and so on, blazars are
believed to be promising sources(e.g., Tavecchio & Ghisellini 2015; Halzen & Kheirandish 2016). This
kind of sources also contribute to the majority of extragalactic γ-ray background which is consistent
with the measured neutrino flux level (Murase et al. 2013). Meanwhile, a correlation between cosmic
neutrinos and blazar catalogs has been argued (Padovani et al. 2016). Moreover, since strong γ-ray
flares of blazars have been frequently detected, a spatial association combined with a coincidence
in time with a flaring blazar may represent a smoking gun for the origin of the IceCube flux. A
coincidence between a 2 PeV neutrino event and the blazar PKS B1424−418 provides an interesting
hint in this context (Kadler et al. 2016).
On 2017 Spetmber 22, the IceCube neutrino observatory (hereafter IceCube) detected a track-like,
very-high-energy event with a high probability of being of astrophysical origin (Kopper & Blaufuss
2017). Inside the error region of the neutrino event, there is a Fermi-LAT source, TXS 0506+056
(Ajello et al. 2017). Interestingly, the GeV emission is found to be at high state (Tanaka et al.
2017). Enhanced emission are also found in radio, optical, X-ray and TeV bands (Tanaka et al.
2017; Fox et al. 2017; Franckowiak et al. 2017; Mirzoyan 2017). Therefore, TXS 0506+056 is a
promising PeV neutrino source candidate (IceCube collaboration 2018; IceCube collaboration et al.
2018). Motivated by the coincidence of the GeV activity with the PeV neutrino emission, in this work
we analyze the Fermi-LAT data (Atwood et al. 2009, 2013) of some bright AGNs and identify the
GeV flares. We then compare the properties of these bright AGNs displaying strong GeV activities
with TXS 0506+056 to look for possible indication of the high energy neutrino sources. This work
is organized as follows: in Section 2 we introduce our sample and the data analysis. The results are
reported in Section 3. We summarize our results with some discussions in Section 4.
2. THE SAMPLE AND DATA ANALYSES
42.1. The Sample
Blazars included in the Fermi-LAT monitored source list1 are chosen for this study, in which the
sources are selected if their instantaneous weekly fluxes are above 10−6 ph cm−2 s−1. These sources
represent the brightest and the most variable ones among the Fermi-LAT blazars. Another advantage
is that the sources are randomly distributed in the sky since Fermi-LAT performs an all-sky survey.
Several sources (e.g. Fermi J2007−2518) are excluded in our analysis because there are only a few flux
data points in the preliminary weekly light curves provided by the Fermi collaboration. Meanwhile,
two sources (i.e. NRAO 190 and B2 1144+40) are not considered due to the ambiguous association
relationship between the γ-ray source and its low-frequency counterpart. Therefore, our sample
consists of total 116 blazars, including 81 FSRQs, 22 BL Lacs and 13 sources with unknown optical
spectral property (BZU), according to BZCAT 2 (Massaro et al. 2009). Or alternatively, there are
96 LSPs, 10 ISPs and 8 HSPs, according to the third Fermi-LAT AGN catalog (3LAC, Ackermann
et al. 2015), together with 2 sources lacking of relative information. The redshift distribution of our
sample is between 0.031 (Mrk 421) and 2.852 (PKS 0438−43), and there are seven sources (either
BL Lacs or BZUs) lacking redshift imformation. The basic information of the sources in our sample
are listed in Table 1.
2.2. Fermi-LAT Data reduction
In the analysis, the latest Pass 8 version of the Fermi-LAT data (Atwood et al. 2013) with “Source”
event class (evclass = 128 & evtype = 3) are selected, recorded from May 1, 2010 (Mission Elapsed
Time 294364802; the time of the operation for the full IceCube detector) to May 1, 2018 (Mission
Elapsed Time 546825605)3. We choose the events within a 10◦ region of interest (ROI) with energies
between 100 MeV and 500 GeV in this analysis. In order to reduce the contamination from the Earth
Limb, the events with zenith angles larger than 90◦ are excluded. In addition, the entire data set is
filtered with gtmktime to obtain high-quality data in the good time intervals, with the expression
1 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl lc/
2 http://www.asdc.asi.it/bzcat/
3 Note there is ∼ 20 day data gap for Fermi-LAT around March 2018.
5recommended by the LAT team, namely (DATA QUAL>0)&&(LAT CONFIG==1). The data are analyzed
with the standard LAT analysis software, ScienceTools version v10r0p54, available from the Fermi
Science Support Center, and the “P8R2 SOURCE V6” instrumental response functions are adopted.
First, we perform the unbinned likelihood analysis with gtlike to extract the global flux
and spectral parameters of the target source. For the background subtraction, the Galac-
tic diffuse emission and the isotropic diffuse emission are modeled by gll iem v06.fits and
iso P8R2 SOURCE V6 v06.txt, which can be found from the Fermi Science Support Center 5. Mean-
while, all sources in the preliminary LAT 8-year Point Source List (FL8Y6) within a radius of 15◦
from the ROI center are included in the source model. For convenient comparison between different
sources, the spectral template of each target source is set to a power-law function (i.e. dN/dE ∝ E−Γ,
where Γ is the spectral photon index). And during the fitting analysis, the normalizations and spec-
tral parameters of all sources within a distance of 10◦ from the ROI center, together with the
normalizations of the two diffuse backgrounds, are left free. The significance of the target source
can be quantified by the test statistic (TS) value, which is defined as TS = −2 ln(L0/L)(Mattox
et al. 1996), where L0 and L are the maximum likelihood values of the null hypothesis and the
tested model including the target source. The fittings are demanded to converge (i.e. “fit quality =
3”) to make sure the results are valid. The best-fit results for all target sources in the sample are
summarized in Table 1.
In the temporal analysis, we divide the data into 417 equal time bins and repeat the likelihood
fitting for each time bin to extract a weekly light curve for each target. Considering the targets
studied here are the brightest γ-ray sources in the extragalactic sky, we fix the spectral indexes of
all background sources to the global fitting values, and only free the normalization parameters of
background sources within 10◦ from the targets and two diffuse backgrounds. During the fitting
analysis for each time bin, the weak background sources (i.e., TS < 5) are removed from the source
4 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
5 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
6 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
6model. Note that for any time bin in which the TS value of target source is smaller than 9, the 95%
upper limit is calculated instead.
3. RESULTS
3.1. Global properties
The analysis results of the entire 8-year LAT data are summarized in Table 1 as well. We also plot
the photon index versus the photon flux and the γ-ray apparent luminosity (from 0.1 to 500 GeV,
with handled k-correction) diagrams, see Fig. 1. The average photon indexes of FSRQs, BL Lacs and
BZUs in our sample are 2.40±0.17, 2.04±0.18 and 2.29±0.12, respectively, which are in agreement
with the results in 3LAC (Ackermann et al. 2015). Note that there is only one FSRQ, VER 0521+211,
whose photon index is smaller than 2. As shown in Fig. 1 and Fig. 2, FSRQs are generally brighter
and more luminous than BL Lacs, and TXS 0506+056 appears to be typical among other BL Lacs.
The spectra of FSRQs are softer than that of BL Lacs, which may lower the neutrino detection
possibility.
3.2. Temporal Behaviors
3.2.1. TXS 0506+056
The weekly γ-ray light curve of TXS 0506+056 is presented in the left panel of Fig. 3. Before
MJD 57855, the source maintains at a relatively quiescent state, with only a few bins whose fluxes
reach roughly three times of the 8-year averaged flux, 9.8×10−8 ph cm−2 s−1. However, since then, a
strong γ-ray flare has appeared, with a peak flux of (5.8± 0.6) ×10−7 ph cm−2 s−1 which is nearly 6
times of the 8-year averaged flux. The corresponding peak apparent γ-ray luminosity of the bin is ∼
1.5 × 1047 erg s−1, adopting a redshift of 0.3365 (Paiano et al. 2018). Meanwhile, the photon index
then is 2.05±0.07, suggesting no significant spectral variability than the average value, 2.07±0.01.
The flare peaked on MJD 57981 (16th Aug. 2017), about a month before the arrival time of the
IceCube neutrino event. A further 3-day γ-ray light curve (the right panel of Fig. 3) shows that
several sub-flares constitute this activity phase. Maybe there is a weak flare coincident with the
neutrino event, but the error bars are relatively large.
73.2.2. Comparison between TXS 0506+056 and Fermi-LAT bright blazars
In 3LAC, about 69% FSRQs are found to be significantly variable, however, this fraction is down
to 23% for BL Lacs (Ackermann et al. 2015). Together with the fact that the former kind is generally
brighter than the later one, it is not surprised that the vast majority of our sources are FSRQs. One
famous case is CTA 102 (Becerra et al. 2016; Xu et al. 2016), whose daily LAT > 100 MeV flux is
up to 10−5 cm−2 s−1, also see Fig. 4 for its weekly light curve. In addition to the brightness, its large
variability amplitude is also remarkable. The weekly peak flux is more than one order of magnitude
higher than the averaged flux. Examples of light curves of other subtypes are also shown in Fig. 4.
Although most of our FSRQs are LSPs, there are several ISP FSRQs. No significant difference is
found between their weekly γ-ray light curves. It is interesting to see that the variability amplitude
for FSRQs is generally higher than HSP BL Lacs. However, for ISP BL Lacs and LSP BL Lacs, their
γ-ray variability could be as violent as FSRQs. Worthy to note that there is one source, ON 246,
which is also a ISP BL lac similar with TXS 0506+056. There is also a strong γ-ray flare with peak
flux of 5 ×10−7 ph cm−2 s−1 for ON 246.
Since the neutrino event IceCube-170922A arrived when TXS 0506+056 was flaring in GeV band,
we adopt faccuγ /f
aver
γ as an indicator to qualify the comparison between TXS 0506+056 and other
Fermi bright blazars. faccuγ is defined as an accumulated photon flux of the flares, which should
have fluxes brighter than the average (faverγ ) by a factor of 3. The division of f
aver
γ is to eliminate
the influence caused by a wide distribution of flux level for different sources. Therefore, faccuγ /f
aver
γ
reflects the intensity of GeV activity of a source (a large faccuγ /f
aver
γ arises if a few flares have fluxes
much higher than faverγ or alternatively there are intense flare activities). If the neutrino is indeed
tightly connected to the flare event of blazars, sources with high faccuγ /f
aver
γ value and hard γ-ray
spectra are preferred to be identified as neutrino sources. In the faccuγ /f
aver
γ −Γaverγ plot, as shown in
Fig. 5, TXS 0506+056 is distinguished by the high faccuγ /f
aver
γ (i.e., the very strong GeV activities).
Together with the declination of TXS 0506+056 (as seen in Fig. 6; please note that the IceCube
observatory has better sensitivity for sources with declination close to 0 (Aartsen et al. 2014)), it may
help to explain why TXS 0506+056 is the first blazar associated with a significant neutrino excess.
8We have also investigated the distribution of the accumulated isotropic-equivalent energy of the flare
emission (i.e., Eaccuγ , with proper k−correction). In Fig.7 we show the diagram of Eaccuγ −Γaccuγ , where
Γaccuγ is the powerlaw index of the spectrum of the accumulated flare emission. In such a plot, TXS
0506+056 is not distinct. Finally we study the change of the hardness of the blazar emission in the
flare phase. We define a new parameter ∆Γγ = Γ
aver
γ −Γaccuγ . In the plot of Eaccuγ −∆Γγ (see Fig. 8),
TXS 0506+056 is similar with other blazars, too. Therefore, TXS 0506+056 seems to be a normal
blazar in many ways except for its very strong GeV activities. Dedicated neurtrino searches in the
directions of some bright blazars with strong GeV activities are encouraged, to check whether these
sources are also important neutrino sources.
4. SUMMARY
The sources of PeV neutrinos and ultra-high-energy cosmic rays are still in debate in the literature.
Thanks to the successful performance of IceCube and Fermi-LAT and the quick follow-up observations
in optical, radio and X-ray, significant progresses have been made. The most exciting findings are
the possible IceCube-170922A/TXS 0506+056 association (IceCube collaboration et al. 2018) and
the the coincidence between a 2 PeV neutrino event and the blazar PKS B1424−418 (Kadler et
al. 2016), which favors the hypothesis that blazars are important sources of PeV neutrinos and
ultra-high-energy cosmic rays. Motivated by the possible connection between the GeV activity and
the neutrino IceCube-170922A, in this work we have analyzed the Fermi-LAT data of a group of
bright AGNs and identify strong GeV flares. We have compared the properties of these bright AGNs
displaying strong GeV activities with TXS 0506+056 to look for indication of the ultra-high-energy
cosmic ray sources. It turns out that TXS 0506+056 appears to be similar to other bright blazars
studied in this work (see Fig.1, Fig.2, Fig.7 and Fig.8), except its very strong GeV activities (i.e.,
the high value of faccuγ /f
aver
γ shown in Fig.5). We suggest to carry out dedicated searches for (weak)
neutrino outburst in the historical data of IceCube, as recently done for TXS 0506+056 (IceCube
collaboration 2018), from the directions of these more energetic and harder sources with strong
GeV activities. If null results are turned out, new indicator rather than the GeV activity should be
identified for the neutrino sources.
9This research has made use of the NASA/IPAC Extragalactic Database which is operated by the
Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration. This research also makes use of the SIMBAD database,
operated at CDS, Strasbourg, France.
This work was supported in part by NSFC under grants 11525313 (i.e., Funds for Distinguished
Young Scholars), 11703093 and 11303098. H.N.H. is also supported by the Special Postdoctoral
Researchers (SPDR) Program in RIKEN.
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Figure 1. TXS 0506+056 in the Laverγ − faverγ (left) and Laverγ − Γaverγ (right) diagrams. The superscript
aver means that they are average quantities for the whole 8-year data. The red circles, green squares and
blue triangles represent the FSRQs, BL Lacs and the blazars of unknown type (BZU), respectively. TXS
0506+056 is marked as a green pentagram.
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Figure 2. TXS 0506+056, marked as the green pentagram, in the Laverγ − faverγ diagram. The legends are
as the same of Fig 1.
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Figure 3. The weekly γ-ray light curve from MJD 55317 to MJD 58239 (left) and the 3-day time bin
γ-ray light curve from MJD 57888 to MJD 58239 (right) of TXS 0506+056. For any time bin in which the
TS value of TXS 0506+056 is larger than 25, the photon flux is derived by free the spectral index of TXS
0506+056, which is shown as the green dot. The blue dots are for the time bin with 9 < TS < 25, and the
fluxes in these bin are derived by keeping spectral indexes of all sources including TXS 0506+056 fixed. The
red triangles are the 95% upper limits for the time bins with TS values of TXS 0506+056 smaller than 9.
The gray dashed line is the average flux of TXS 0506+056 and the three-time average flux is shown as the
black dotted line. The black solid line denotes the arrival time of the neutrino event detected by IceCube.
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Figure 4. Same as Fig. 3 but for different target sources. The name of the source and its type are marked
as the title of each panel.
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Figure 5. The faccuγ /f
aver
γ − Γaverγ diagram, where faccuγ represents the photon flux accumulated over the
time bins with flux at least three times larger than faverγ . TXS 0506+056 is marked as the green pentagram
(same legend as for Fig. 1).
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Figure 6. The Declination − faverγ diagram. TXS 0506+056 is marked as the green pentagram (same
legend as for Fig. 1).
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Figure 7. The Eaccuγ − Γaccuγ diagram, where Eaccuγ and Γaccuγ represent the accumulative equivalent energy
and the averaged spectral index for the time bins in which the energy flux is three times larger than faverγ ,
respectively. The legends are as the same of Fig. 1.
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Figure 8. TXS 0506+056, marked as the green pentagram, in logEaccuγ −∆Γγ diagram (same legend as for
Fig. 1).
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